I. INTRODUCTION
Plasma etching is a critical process in semiconductor device fabrication and is becoming increasingly challenging for the nextgeneration semiconductor devices that have critical dimensions less than 10 nm. 1 Perfluorocarbons (PFCs) such as CF 4 and C 4 F 8 have been used in plasma etching to manufacture semiconductors. However, PFCs have a high global warming potential (GWP), which is determined by atmospheric lifetime and infrared (IR) absorbance. 2 Research studies have been reported on the etching process using materials with low GWP to replace PFCs. [3] [4] [5] Conventional continuous plasma etching has limitations in uniformity, roughness, and pattern transfer fidelity. 6 Highly precise etching technologies are required to etch nanometer-scale patterns and to achieve high selectivity in atomic level etching. [7] [8] [9] Atomic layer etching (ALE) is a cyclic process that removes various layers on an atomic scale with a radical-supply step and a separate film-removal step. ALE has demonstrated the advantages of smoother surfaces, better etch uniformity, and more precise thickness control than conventional continuous plasma etching. [10] [11] [12] [13] ALE technology uses a self-limiting reaction, which has the great advantage of eliminating the differences in etching speed because of the chamber geometry, distribution of power, and variation in the gas flow. 14 ALE processes for various materials have been developed, and their characteristics are being studied. [15] [16] [17] [18] [19] [20] Si ALE has been reported with a Cl 2 adsorption step and a removal step using Ar plasmas. [21] [22] [23] [24] [25] SiO 2 ALE processes have been reported with fluorocarbon precursors of C 4 F 8 and CHF 3 . 26-29 ALE processes have also been reported for Si 3 N 4 with hydrofluorocarbon and fluorocarbon precursors. [30] [31] [32] The improvement of the etching selectivity of ALE has been studied for SiO 2 /Si and SiO 2 /Si 3 N 4 . 33, 34 Higher selectivity of SiO 2 over Si was achieved by controlling the thickness of the fluorocarbon layers, and a study on the high selectivity of SiO 2 over Si 3 N 4 was reported by using difference of carbon consumption. 32, 33 In this study, an ALE process using a heptafluoropropyl methyl ether (C 3 F 7 OCH 3 ) plasma was developed with cyclic processing consisting of a surface modification step and an etching step. Fluorocarbon layers were generated with C 4 F 8 , CHF 3 , or C 3 F 7 OCH 3 plasmas on SiO 2 and Si 3 N 4 surfaces in the surface fluorination step, and these layers were removed by Ar or O 2 plasmas in the following etch step. The fluorine-to-carbon (F1s/C1s) ratio and surface bonds of the fluorocarbon layers were analyzed for each of the different precursors in the surface fluorination step. Three different etch regions were identified by varying the bias voltage: the incompletely etched region, the self-limiting etched region, and the sputtering region. The saturation of the etch rates was also verified for sufficiently long etch process times; this is referred to as a self-limited characteristic. The selectivities of the SiO 2 /Si 3 N 4 , SiO 2 /Si, and Si 3 N 4 /Si etch rates were investigated with three different fluorocarbon plasmas.
II. EXPERIMENT
Cyclic ALE was studied in an inductively coupled plasma (ICP) reactor operated with source power at 13.56 MHz and bias power at 12.56 MHz as shown in Fig. 1(a) . Source power was supplied through the induction coil at the top of the quartz window, and bias power was supplied through the bottom electrode. The test was performed after dividing the SiO 2 and Si 3 N 4 wafers into 1.8 × 1.8 cm coupons.
The cyclic ALE process performed for SiO 2 and Si 3 N 4 etching is shown in Fig. 1(b) . Prior to all the ALE processing, the cleaning process using O 2 plasma was performed to eliminate the chamber wall effect. In the fluorination step, 50 SCCM of C 4 F 8 or CHF 3 or C 3 F 7 OCH 3 gas was introduced to the chamber for 30 s at 40 mTorr, and 25 W of plasma source power was applied to generate fluorocarbon radicals to fluorinate the SiO 2 or Si 3 N 4 surface. The thickness of the fluorocarbon layers was maintained at 0.5 nm by varying the deposition time for each precursor, and the substrate temperature was maintained at room temperature below 30°C. Before the etch step, the pressure was lowered to a base pressure of 9 × 10 −5 Torr so that the fluorocarbon gases could be completely removed from the chamber. In the etch step, 50 SCCM of Ar or O 2 was injected into the chamber for 30 s, the pressure was maintained at 40 mTorr, and 25 or 15 W of plasma source and bias power were applied to remove the fluorinated SiO 2 and Si 3 N 4 . After the etch step, the chamber was evacuated again by pumping it back down to the base pressure. These four steps were repeated to etch SiO 2 and Si 3 N 4 . Plasma density was measured using a floating harmonic probe (P&A solutions, WiseProbe), and bias voltage was measured using a VI probe (Impedans, Octiv Poly) under all process conditions. The thickness of SiO 2 and Si 3 N 4 was measured using an ellipsometer (Nano-View, SE MF-1000) before and after the process. X-ray photoelectron spectroscopy (XPS, Thermo Scientific, ESCALAB 250) was used to analyze the atomic composition and the chemical bonding structure of the fluorocarbon layers deposited on the SiO 2 surfaces. XPS background signals were removed by Shirley`s method. 35 
III. RESULTS AND DISCUSSION
The chemical bonding structure of the fluorocarbon layer deposited on the SiO 2 surface was analyzed by XPS with three different precursors as shown in Fig. 2 . The thickness of all the fluorocarbon layers was maintained at 0.5 nm. XPS analysis was performed after depositing the fluorocarbon layer in the first deposition cycle. C1s peaks were fit using C-C/C-Si at 283.4 eV, C-CF x at 285.5 eV, C-F at 288.0 eV, C-F 2 at 290.3 eV, and C-F 3 at 292.6 eV. 36 The binding energy of the XPS peaks was corrected based on the O1s (532.9 eV) spectrum, which was not affected by fluorination. 37 The F1s/C1s ratio is known to affect the etching characteristics-such as etch rate and selectivity-of dielectric materials. 26, 29, 32, 33 F1s/C1s ratios in this work were determined to be 1.781 for C 4 F 8 , 1.367 for CHF 3 , and 1.266 for C 3 F 7 OCH 3 and calculated based on the C1s spectrum and the F1s spectrum. 33 The largest peak of the F1s area was observed with the C 4 F 8 peak, and 
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avs.scitation.org/journal/jva the smallest with C 3 F 7 OCH 3 . The C 4 F 8 precursor has more C-F 3 and C-F 2 bonds than the other precursors and has the highest F1s/C1s ratio, while the C 3 F 7 OCH 3 precursor generates mainly C-Si and C-C bonds resulting in the lowest F1s/C1s ratio. 38 A high F1s/C1s ratio in the precursor deposition is known to increase the etch rate of SiO 2 . 29 Ion energy is an important parameter that determines the ALE window, and the etch rate per cycle was investigated as a function of the bias potential of Ar and O 2 plasmas as shown in Fig. 3 . The precursor thickness was maintained at 0.5 nm, and the etching time was set to 360 s. Three different regions were identified with different ion energies in the etching step. 6, 39 The etch rates per cycle increases with bias voltage below 50 V, and this is attributed to an incomplete removal of the fluorocarbon layers. A constant etch rate is observed in the 60-70 V range of bias voltage for C 4 F 8 /Ar, 65-75 V for CHF 3 /Ar, and 50-60 V for C 3 F 7 OCH 3 /Ar, and this constant etch rate region is the considered ALE window. The width and etch rate of this region depend on the precursors in the fluorination step and the energy in the etching step. When the bias voltage is above the ALE window, SiO 2 is removed by physical sputter etching, and this is called the sputtering region. Overall, the highest etch rate is observed with C 4 F 8 plasma and the lowest etch rate with C 3 F 7 OCH 3 plasma. The fluorine-to-carbon (F1s/C1s) ratio of the fluorocarbon layers is known to affect the etch rates of dielectric films. 29 Specifically, the etch rate is higher with higher fluorine content and lower with higher carbon content in the fluorocarbon layers.
The self-limiting characteristics were investigated by increasing the process time in the etching step as shown in Fig. 4 . The bias voltage was set within the ALE window of 55-60 V. For etching with an Ar plasma, the ion density was maintained at 1.3-1.5 × 10 10 cm −3 ; the etch rate increased as the etching time increased and self-limited after 360 s. For etching with an O 2 plasma, the ion density was maintained at 5.4 × 10 9 cm −3 , and the etch rate also increased as the etching time increased and then self-limited after 360 s. The etch rate with the Ar plasma is higher than that with the O 2 plasma mainly because of the difference in ion density. 40, 41 Ions having energies in the ALE window remove the fluorinated SiO 2 layer without affecting the underlying SiO 2 . This self-limited ALE can improve wafer uniformity and surface roughness observed in conventional continuous plasma etching processes. 6, 7, 42 The self-limited ALE is known to enable a constant etch rate regardless of the aspect ratio. 43 The etch rate is also the highest in the case of the C 4 F 8 precursor, which yields the highest F1s/C1s ratio; the lowest etch rate was observed in the case of the C 3 F 7 OCH 3 precursor, which produces the lowest F1s/C1s ratio. Figure 5 shows etching selectivities of SiO 2 /Si 3 N 4 , SiO 2 /Si, and Si 3 N 4 /Si when C 4 F 8 , CHF 3 , and C 3 F 7 OCH 3 plasmas were used in the fluorination step and Ar plasmas were used in the etch step. Low etch selectivity between SiO 2 and Si 3 N 4 was observed with all three plasmas. The etch rate of Si 3 N 4 is known to be similar to that of SiO 2 independently of the precursor in case of low fluorocarbon deposition. 36 This low selectivity or nonselective etch process can be applied to multilayer etching of SiO 2 and Si 3 N 4 layers in 3D NAND devices. 44 The high selectivity of Si 3 N 4 /Si is also known to be necessary in spacer etch processes that are critical in the fabrication of complementary metal-oxide-semiconductor (CMOS) devices. The higher selectivity of SiO 2 /Si and Si 3 N 4 /Si with C 3 F 7 OCH 3 plasmas is attributed to the lower F1s/C1s ratio. Lowering the F1s/C1s ratio of fluorocarbons is known to improve the selectivity of SiO 2 /Si. 45 C 3 F 7 OCH 3 plasmas generate fluorocarbon layers having higher carbon contents than other plasmas, and the bonding between carbon and silicon (Si-C) on the surface acts as an inhibitor during Si etching resulting in a slower Si etch rate compared to SiO 2 and Si 3 N 4 etch rates. 46 
IV. SUMMARY AND CONCLUSIONS
An atomic layer etching process for SiO 2 and Si 3 N 4 using C 3 F 7 OCH 3 was developed in this work and was compared with those using C 4 F 8 and CHF 3 plasmas. The F1s/C1s ratio of the fluorocarbon layers was identified as a major factor affecting both etch rate and etch selectivity of dielectric films. ALE with C 4 F 8 plasma shows the highest etch rate with the highest content of fluorine (F) in the fluorocarbon layers, and ALE with C 3 F 7 OCH 3 plasmas shows the lowest etch rate with the highest content of carbon (C). The ALE windows having constant etch rate per cycle were identified in the range of 55-60 bias voltage. Self-limiting characteristics were confirmed by varying the etching time with Ar and O 2 plasmas in the etching step. The fact that the selectivities depend on the precursor used in the fluorination step was confirmed. A high selectivity of SiO 2 /Si and Si 3 N 4 /Si was observed with C 3 F 7 OCH 3 plasmas, and this is attributed to a network of strong Si-C bonds working as an inhibitor during Si etching. The proposed process with C 3 F 7 OCH 3 plasmas can be effective for selective etching of SiO 2 and Si 3 N 4 with reduced fluorine contents in the fluorocarbon layers.
